We develop the formalism of "General gauge mediation" for five-dimensional theories in a slice of AdS space. A set of current correlators encodes the effect of a supersymmetry breaking hidden sector localised on the IR brane. These current correlators provide a tree-level gaugino mass and loop-level sfermion masses on the UV brane. We also use this formalism to calculate the Casimir energy and masses for bulk hyperscalars.
Introduction
"General gauge mediation" (GGM) is a powerful new framework with which one can describe gauge mediation of N = 1 supersymmetry (SUSY) breaking in a model independent way [1] . In GGM, the effects of breaking supersymmetry in an arbitrary and potentially strongly coupled hidden sector are captured in a small number of correlators of the gauge current supermultiplet. These SUSY breaking effects are then mediated by the minimal supersymmetric standard model (MSSM) gauge fields to generate gaugino and scalar masses. The GGM framework, further developed in [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , has the virtue that it clarifies which features are generic predictions of gauge mediation; for instance the existence of mass sum rules [1] .
Key to the GGM approach is a careful definition of gauge mediation, namely that the hidden sector and the visible MSSM sector completely decouple in the limit that MSSM gauge couplings α i → 0. In this way one can proceed to analyse soft mass terms perturbatively in α i even when the hidden sector is strongly coupled.
This decoupling can be given a geometric context in five-dimensional models in which the hidden and visible sector are located on separate branes. The effects of supersymmetry breaking are transmitted from the hidden sector by means of MSSM gauge fields which are allowed to propagate through the bulk. The GGM formalism has been applied to this scenario [16] thereby generalising the MirabelliPeskin model [17] to arbitrary hidden sectors. This formalism, which we shall call GGM5d, has also recently been given a lattice (de)construction description [18] [19] [20] [21] .
The goal of this paper is to extend the GGM5d formalism to five-dimensional theories in a slice of anti de Sitter space. Such theories with warped extra dimensions are of interest for two principal reasons. First, it is well known that warped extra dimensions can be used to generate a hierarchy of scales [22] and therefore such models have direct phenomenological appeal. The second is that by means of the AdS/CF T correspondence one can consider the 5D warped model as a tool with which to study certain dual strongly coupled four-dimensional CFTS (for a review see [23, 24] ). We hope that our work may have application in both these areas.
There are, of course, a multitude of subclasses of models with warped extra dimensions [25] [26] [27] [28] [29] [30] [31] . In this paper we shall restrict our attention to those with MSSM matter located on the UV brane and a hidden sector where SUSY is broken located on the IR brane. We do not specify the hidden sector and encode its contribution by means of current correlators. The gauge fields of MSSM propagate the effects of supersymmetry breaking between these two branes to generate soft masses as illustrated in figure 1. A difference with the four-dimensional situation is that, in general, there is a whole Kaluza-Klein (KK) tower of the bulk vector field contributing to the transmission of SUSY breaking.
IR brane UV brane

Fig. 1:
A portrait of "General gauge mediation" across a warped bulk. Sfermion masses on the visible (UV) brane are generated by propagating the effects of supersymmetry breaking on the hidden (IR) brane.
Within our framework, we are able to derive general formulas for both gaugino and sfermion masses. We are also able to accommodate bulk hypermultiplets and again give a general formula for their scalar masses. A final application of our framework is to calculate the Casimir energy.
To illustrate this framework we apply our general results to the case where the hidden sector has a perturbative description in terms of a SUSY breaking spurion coupled to messenger fields charged under the standard model gauge group. We determine the structure of the current correlators in terms of these messenger fields and approximate the bulk propagators in different regimes so that we can extract approximate formulas for the gaugino and sfermion masses of the MSSM, at leading order in α i .
We explore these models with regard to four scales: the AdS warp factor k; orbifold length ℓ; a SUSY breaking F -term and hidden sector characteristic mass scale M . Assuming that kℓ ≫ 1, we show that when the F, k 2 ≪ M 2 , the full Kaluza-Klein tower of the bulk vector multiplet must be considered in the propagation of supersymmetry breaking to the UV brane, whereas in the limit that F, M 2 ≪ k 2 , the zero modes make the dominant contribution.
The rest of this paper is organised as follows: In section 2 we describe the field theory defined in the bulk of AdS and present the off-shell action that we require for GGM. In section 3 we describe the (arbitrary) hidden sector located on the IR brane through its current correlators. In section 4 we present general results for the soft masses as well as the Casimir energy. In section 5 we apply these results to the generalised messenger model.
Off-shell warped gauge theory
We begin with the AdS 5 with the metric given by
in which η µν = diag(−1, 1, 1, 1), σ = ky and 1/k is the AdS curvature scale with mass dimension one. From the metric, one can readily read off the fünfbein to be
We are interested in describing physics on an interval of this AdS space given by 0 ≤ y ≤ ℓ with ℓ = πR. It is helpful to think of the interval as a Z 2 quotient of a periodic y coordinate. This construction, also known as a warped S 1 /Z 2 orbifold, is achieved by replacing σ = k|y| in the metric (2.1) and allowing y to be periodic with range −ℓ < y ≤ ℓ. The Z 2 identification is given by y ∼ −y and has fixed points at y = 0 and y = ℓ where we shall locate matter on three-branes known as the UV and IR brane respectively. To build our GGM framework we shall need an off-shell description of the supersymmetric gauge theory living on this space. Before describing the theory in the warped orbifold lets us recapitulate the flat space case [16, 17, 32, 33] . Since translation invariance is broken by the boundary of the interval we should anticipate only half of the 8 real supercharges in an N = 1 theory in 5D to be preserved. Under preserved supersymmetry the 5D N = 1 vector multiplet decomposes into two multiplets which can be packaged as a chiral and a vector 4D N = 1 superfield given by (in Wess Zumino gauge):
The field content of the original 5D vector multiplet is recovered as follows: A µ and A 5 combine to give a 5D gauge field A M ; λ and χ are the components of a symplectic-Majorana spinor Ψ; Σ is a real scalar and F and D contain three real auxiliary fields in the form
These 4D N = 1 superfields have opposite parity under the orbifold and correspondingly obey different boundary conditions (Dirichlet for the chiral superfield and Neumann for the vector). In terms of these superfields 1 the action for the gauge theory can be written as
where, as usual,
2 e −g 5 V D α e g 5 V and the covariant derivative acts ac-
To obtain the off-shell description for the warped orbifold background one may apply the procedure of "θ-warping" mentioned in [34] and developed in [35, 36] . 2 According to this prescription one deforms the superspace coordinates by defining ϑ = e 
superfields (2.3) and action (2.5). After reexpanding in the original θ coordinates one finds a warped space analogue of (2.5) given by
7) where the superfields have been warped so that they become
Expanding in components one finds the kinetic terms for the vector multiplet are given by
Mass terms arise in the component expansion of the action (2.7) from the term involving ∂ 5 V when the derivative acts on the warp factor. One finds a Dirac mass for the fermions and upon integrating out the auxiliary D field, a scalar mass given by
We remark that the Abelian version of this theory is related to action written in [37] , which makes use of a radion superfield.
In what follows we shall expand these fields in terms of their eigen-modes [38] which can be summarised using the theta-warped superfields by
where the even and odd modes are given by 13) and obey orthonormality conditions
with similar for the odd modes. Orthornormality fixes the normalisation which in the limit m n ≪ k and kℓ ≫ 1 is given by 15) and boundary conditions at both branes can be used to fix
Y 0 (mn/k) and deduce the mass spectrum by solving b(m n ) = b(m n e kℓ ) which yields
Bulk hypermultiplets
The θ-warping technique can be applied to bulk hypermultiplets. Under the orbifold action the hypermultiplet splits into two 4D N = 1 chiral superfields, H of even parity and H c of odd parity which transform under the gauge group as H → e −Λ H and H c → H c e Λ . Starting with the flat orbifold action and superfields given in [32] and following the warping procedure one arrives at warped superfields
and a warped action
It should be clear from the action that the hypermultiplet will also decouple from the hidden sector in the limit α i → 0. In this way hypermultiplets will also follow the prescription of general gauge mediation. Starting from a massless unwarped hypermultiplet and applying θ warping, the warped hypermultiplet has a mass generated by passing a ∂ 5 through an e −1/2σ factor. This corresponds to the conformal limit c = 1/2 for the on-shell action of [38] . 3 The positive parity fields in H have eigenfunctions given by Eqn. (2.12), with α = 1. Similarly the negative parity fields in H c are determined by Eqn. (2.13) with α = 0. In this paper we will compute the soft mass of the zero mode scalar of H which is given by
Brane localised currents
In this section we will encode a SUSY breaking sector, localised on the IR brane at y = ℓ, in terms of current correlators.
Since the vector superfield V is of even parity and obeys Neumann type boundary conditions it can couple to matter charged under the gauge group localised on the boundary IR brane. In general, we expect that the global current multiplet J should serve as a source for these interactions however we must take some care to accommodate the effects of the warping. Starting with the flat space form of these interactions [16] and applying the θ-warping technique produces boundary interactions of the form
where the warped current superfield is given by
and V is given as in (2.8). In components these interaction terms read
3)
The currents appearing in these expressions are not canonical in the sense they are built out of noncanonically normalised fields due to the warping of the induced metric on the IR brane. It is helpful to instead work with canonically normalised fields and currents defined by 4) so that the interaction terms are given by
With these rescalings two-point functions of canonical currents are given by the flat space result but with mass scales accordingly warped down. In this way we can easily keep track of powers of the warp factor. The contribution of the hidden sector can be found by expanding the functional integral in g 5 to O(g 2 5 ) following [1] . Upon inserting the relation for the D = X 3 − D 5 Σ we find that
(3.6)
TheB andC functions are related to momentum space current correlators, found below. In position space, the current correlators of canonical currents can be expressed as
M = e −kℓ M is the characteristic mass scale of the hidden brane localised at y = ℓ. B 1/2 is a complex function while C s , s = 0, 1/2, 1, is real. When supersymmetry is unbroken 8) and since supersymmetry is restored in the UV we have
, and lim
(3.9) Defining the Fourier transforms of C s and B as 10) in which the scale Λ is a UV cutoff regulating the integrals, allows us to express the nonzero current correlators in momentum space as 4
The current correlators do not preserve incoming and outgoing p 5 momenta as the branes break Lorentz invariance in this direction. When we come to describe the bulk fields in terms of their KK modes this has the consequence that different KK modes will get coupled to each other on the IR brane and all KK modes of the gauge field will propagate supersymmetry breaking effects.
In what follows we shall frequently express our results in terms of the "supertraced" set of these current correlators
The numerical coefficient in front of theC s terms in Eqn. (3.12) is associated with the off-shell degrees of freedom of the bulk propagating vector multiplet and arise from taking an index contraction of the current correlators in Eqn. (3.11). We emphasise that the effect of the induced metric on the IR brane is captured in the canonical current correlators through the warped mass scaleM .
Soft masses and vacuum energy
In this section we will give general expressions for the gaugino, sfermion and hyperscalar soft masses and the Casimir energy, in terms of the current correlators located on the IR brane. In the next section we will explore these general expressions for a generalised messenger sector in specific limits.
Gaugino masses
At g 2 5 order, we can extract the SUSY breaking contribution to the gaugino masses from the effective Lagrangian as This Majorana mass term for the gaugino is localised on the boundary which means that upon performing a KK decomposition this produces a term mixing all KK modes to each other given by
in which we have expressed the answer in terms of the dimensionless 4D gauge coupling g 2 5 = g 2 4 ℓ. In addition to these masses there are also Dirac type Kaluza-Klein masses which mix the positive parity gaugino modes with the negative parity bulk fermion modes. In general, one must therefore take into account both to understand the gaugino spectrum. In practice the easiest way to find the gaugino masses is to include the contribution from Eqn. (4.1) in the boundary conditions placed on the KK mode expansions as shown in the appendix of [37] , similar to the flat case in [39] .
Sfermion masses
The sfermion masses of the MSSM can be determined from theC s current correlators of the SUSY breaking fields on the IR brane and the propagation of this breaking by the vector multiplets in the bulk, up to the UV brane as shown in figure 2. The full momentum dependence of the current correlators should be taken into account as they form part of a loop on the scalar propagator. The vertex couplings can all be obtained from expanding out a canonical Kähler potential for a chiral superfield. To massage the answers into their final form one makes use of the representations [16, 17] 
Judicial use of the later identity allows us to replace factors of m 2 n which occur in the rightmost diagram of figure 2 with p 2 .
The final result may be written by first defining a positive parity bulk field in the AdS background, propagating from y = y to y = y ′ [16, 17, 40, 41] 
Then the sfermion mass formula is found to be
where
(4.6) r = 1, 2, 3, refer to the gauge groups U (1), SU (2), SU (3). c 2 (f ; r) is the quadratic Casimir for the representation of sfermionf , the scalar in question.
Key :
The graphical description of the contributions of the two-point functions to the soft sfermion masses. The "blobs" represent current correlators localised on the IR brane at y = ℓ. The scalar external legs are the sfermions located on the UV brane. The first diagram represents the current correlator j αjᾱ being mediated by the bulk gaugino λ from the IR brane to the UV brane at y = 0. The second diagram represents mediation of j µ j ν due to the bulk gauge boson and the final diagram represents mediation of the scalar current correlator JJ due to the negative parity bulk scalar Σ. This is the complete supertraced combination of diagrams for gauge mediation [1, 16] .
As was discussed in [16] , it is interesting to consider the contributions to these masses in different regimes of warping k relative to M 2 , F . Since we have that m KK ≈ k 2 e −2kl we can see that in the small or intermediate regimes k 2 ≪ F, M 2 or F ≤ k 2 ≪ M 2 the Kaluza-Klein modes contribute to the mediation of supersymmetry breaking effects across the bulk whereas for large warping, F, M 2 ≪ k 2 , only the zero modes will contribute significantly and we will have an effective 4D model with AdS effects.
If only the zero modes contribute to propagation we may truncate the KK tower. One may then write the zero mode eigenfunctions in terms of gauge boson zero mode eigenfunctions. The zero mode gauge boson eigenfunctions are flat and one obtains
Defining g 2 (5d) /ℓ = g 2 (4d) , we recover exactly the four-dimensional GGM answer [1] , with F and M replaced withF andM . This is an effective four-dimensional limit, however as the current correlators are a function ofM , we will still find some suppression due to the warp factor.
Hypermultiplet scalar masses
The supersymmetry breaking masses of a bulk hypermultiplet scalar zero mode may be computed using the general gauge mediation prescription as it decouples from the hidden sector in the limit α i → 0. The diagrams needed to compute the soft mass are found in figure 3 . When computing the mass, the second diagram vanishes due to transversality. To compute the diagrams, one again takes the current correlators to be brane localised and do not preserve the incoming and outgoing m n eigenmass. The external hypermultiplet legs with mass m n = 0 eigenfunctions must be specified when computing the diagrams and the vertices to the external hyperscalar must be integrated over all of y. The orthornormality condition Eqn. (2.14) is used in this integration over y. The right column of diagrams may be collected together by use of Eqn. (4.3). The rectangle on the last diagram signifies that this diagram is completely localised on the IR brane. The diagram with the symbol ⊗, represents a bulk propagator that couples the positive parity fermion λ, to the negative parity fermion χ.
We find the zero mode hyperscalar soft mass is given by
It should be noted that this equation has only a single sum as the hyperscalar vertices do preserve incoming and outgoing m n , unlike for the branes which do not. The momentum integral is UV divergent as expected [42, 43] : as we must integrate over all of y for the sewing points of externals hyperscalar legs, there is no finite separation between the bulk hyperscalar and the IR brane to suppress large momentum contributions in the loop.
Vacuum energy
The propagation of supersymmetry in the bulk also produces a nonzero vacuum energy. Each vacuum diagram is generated by forming a closed loop from one end of the current correlator to the other, with the fields that mediate the effects of those current correlators. There are in fact four diagrams: a closed loop with the gauge boson, gaugino, Σ and X 3 . The field X 3 is non propagating and never leaves the IR brane. The diagram of X 3 combines with that of the scalar Σ to generate the contribution from the current correlator C 0 . The vacuum energy density is
d G is the dimension of the adjoint representation of the gauge group labeled by r. The vacuum energy is UV divergent. In the next section we will demonstrate how the Casimir energy may be extracted from this formula, in the kℓ ≫ 1 limit.
Generalised messenger sector
In this section we give a concrete description of matter content of the IR SUSY breaking brane following the construction of [44] . We consider two sets of SU (N ) vectorlike Chiral superfield messengers φ i ,φ i coupled to a SUSY breaking spurion X = M + θ 2 e −σ F . Generalisations to arbitrary hidden sectors are just a straightforward application of the results of [13, 16] . The superpotential, which is localised on the IR brane, is
In principle η ij is a generic matrix which may be diagonalised to its eigenvalues η i [44] . The index i labels the number of messengers from 1 to N . The messengers on the SUSY breaking brane will couple to the bulk vector superfield as
2) We can extract the multiplet of currents from the kinetic terms in the above Lagrangian. It is easiest to work in canonical fields and canonical currents as discussed in section 3. It is also useful to absorb warp factors into the mass scales such that
Gaugino masses
The gaugino soft mass matrix is given by
It should be clear that there is a mass term for coupling all gaugino modes of the Kaluza-Klein tower to all other modes. Consider just the zero mode portion of this matrix given by
where the equality is due to the fact that the zero mode for the gauge field is flat, f
0 (y) = 1. This allows us to establish for the minimal messenger model the scale associated with the gaugino mass 6) in which have used the result forMB 1/2 (0) obtained in flat space analogue [16] but with the mass warped accordingly. The label r = 1, 2, 3 refers to the gauge groups
is the Dynkin index of the representation i and
. If we wish to consider the full mass matrix we can approximate f (2) n>0 (ℓ) = √ 2kℓ(−1) n giving rise to
From this one can see the soft mass contribution associated with the nonzero modes is a factor kℓ greater than those of the zero mode alone.
Sfermion masses
The sfermion masses are sensitive to the warping k * = ke −kℓ . Due to the complicated nature of the bulk propagators, we will only comment on the limit when kℓ is large. For the KK modes to contribute, we require that k is small such that
We take the exact results of Eqn. (4.6) with Eqn. (4.4). As demonstrated in Appendix A, we approximate the full KK tower of propagators with the eigenfunctions and eigenstates of the heavier modes, which are less localised to the IR brane so will contribute most to the propagation across the bulk. We then complete a Matsubara summation of the tower of modes. We find the propagator to bẽ
which gives
Physically, the tower of KK modes suppresses large momenta contributions from the two point functions on the IR brane, which can be seen from the behaviour of sinh 2 (p/k * ). In this regime we may expand the current correlators for small momenta as found in [16] , valid when
h(x) for x < 0.8 can be reasonably approximated by h(x) = 1 [16] . In this limit, the function is independent of p 2 . Finally, the momentum integral is evaluated and the sfermions masses can then be written as
is the quadratic Casimir of the f scalar in question, in the gauge group r. The sfermion scale Λ 2 S is
Next, we may turn to the limit F, M 2 ≪ k 2 . In this limit only the zero modes contribute significantly to the mediation across the bulk. We again start from Eqn. (4.6) and keep only the zero modes in the bulk propagators. One can rewrite this in terms of the zero mode gauge boson eigenfunctions, which are flat [37, 45, 46] . We arrive at
Similarly, one may use the full answer Eqn. (4.6) and expand the current correlators in the limit p 2 M 2 → ∞ as was explored in the appendix of [17] . The above equation has been evaluated before [1, 13, 44] , which we rescale by use ofF andM . The result is
The additional factor of e −2kℓ arises from the dimensionful ratio of |F M | 2 , in the supertrace ofC terms. The factors of warping cancel in the ratio Λ 2 G /Λ 2 S in this "4D limit". These results show that depending on the ratio of k to M , one may obtain an ordinary "gauge mediated" result or "gaugino mediated" spectrum.
Hyperscalar mass
We now focus on computing the zero mode hyperscalar soft mass. We start with the exact result found in Eqn. (4.8) and approximate the warped propagator KK mode eigenfunctions by f 18) to find m
where, after performing a Matsubara frequency summation,
D r is UV divergent due to the loop in the hypermultiplet diagrams not always being spatially separated by the interval. We would like to extract the / D r , the k * dependent part of D r . Upon subtracting the UV limit of the integrand, we find
We use the expansion of current correlators in the limit
This result is less warped than the sfermion soft mass Eqn. (5.14). Now we comment on the limit of M ≪ k. In this AdS 4D limit one obtains the same result as for the sfermion masses Eqn. (5.16).
Vacuum energy
The vacuum energy can be computed starting from Eqn. (4.9). The vacuum energy is UV divergent. To obtain the finite part, one may extract the UV limit of the momentum integrand as was carried out for the hyperscalar masses above, or one may use a contour trick in the matsubara summation, outlined in [17] . Either way leads to the same answer. For definiteness we use the contour trick and obtain the Casimir energy in the limit of k ≪ M ,
Evaluating this for the case of minimal messengers, we find
The warped factor e −4kℓ dominate this result as kℓ ≫ 1 and we find effectively zero Casimir energy in this regime. In the 4D AdS limit we find
which is just as suppressed by the warp factor e −4kℓ . This negative contribution to the Casimir energy is solely from F term breaking of supersymmetry. It would be interesting to explore the contributions from D term breaking as they have positively signed contributions to the Casimir energy [17] . Further, one may include supergravity contributions and explore minimising the total vacuum energy.
Discussion and conclusion
General gauge mediation is a powerful model independent framework for gauge mediated supersymmetry breaking. In this work we have shown how the GGM approach can be applied to five-dimensional warped models. We started with an off-shell N = 1 5D bulk super Yang-Mills action in a slice of AdS 5 with kℓ ≫ 1. We located a supersymmetry breaking hidden sector on the IR brane, located chiral superfields on the UV brane and hypermultiplets in the bulk. Using the construction of general gauge mediation we encoded generic supersymmetry breaking effects in terms of current correlators. We used the current correlators to compute bulk gaugino masses, scalar masses of the UV localised chiral superfields, bulk hyperscalar masses and finally computed the Casimir energy. We then specified the hidden sector to be a general messenger sector coupled to a spurion. This allowed us to perturbatively evaluate the current correlators. Using some simplifying assumptions, to sum up the effects of the Kaluza-Klein tower of bulk vector superfields, we propagated the effect of these current correlators and gave approximate formulas for the SUSY breaking masses and vacuum energy. There are several interesting features of this model. We find a natural geometric interpretation of the soft terms being hierarchically small as all soft mass scales arise with at least one factor of e −kℓ . In the 4D limit of our model, when M ≪ k, the masses are warped down but the warp factors cancel in the ratio Λ 2 G /Λ 2 S and thus the model behaves like a typical gauge mediated scenario. However in the other limit k ≪ M the model demonstrates a quite different behaviour. Although we expect Λ G to remain of the same order, Λ 2 S acquires a suppression by both a dimensionless ratio, as happens in the non-warped case, and an additional warp factor e −kℓ . In this way it is feasible to obtain not only a hierarchy between SUSY breaking and Planck scales but also between different soft mass scales.
Two recent models which fit into the framework of supersymmetry breaking on an IR brane by a hidden sector are [47] and [48] . It would be interesting to see the soft mass formulas of this paper applied to these models. The phenomenology of pure general gauge mediation in four-dimensions has been explored in [49, 50] and a similar investigation is warranted for five-dimensional models. It would be useful to compare numerical calculations, especially of the approximations of the Matsubara sum of the full Kaluza-Klein tower, with the approximate results of this paper. We would also like to understand if it is possible to interpolate between the two limits, explored in this paper, using the full Kaluza-Klein tower, as has been possible in a simpler lattice type model in which the effective KK tower has only two states [20] . A.1 Matsubara frequency summation
